are exposed to pulverized fuel ash [11] . However, there are no studies of ash removal and maintenance workers' dermal, whole-body, or total exposures to metals, or the protection efficiency of PPE in work tasks in biomass-fired power plants.
Power plant ash is reported to contain both the major (Al, Ca, Fe, K, Mg, Na, P, Si, Ti) and minor (As, Ba, Be, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Rb, S, Sb, Se, Th, TI, V, Zn) elements that are formed from solid biomass or coal, together with Cl and S [12] [13] [14] . Of these metals, total exposure to Al, As, Pb, Cd, Zn, Co, Mn, Hg, Fe, and Se can increase the risk of numerous neurophysiological changes in workers, and may lead to symptoms resembling Parkinson's and Alzheimer's diseases. However, epidemiological evidences between occupational metal exposure and Parkinson's and Alzheimer's diseases are not clear [15] [16] . Skin exposure to inorganic As, Ni, Hg, and Be can also increase the risk of skin diseases.
The aim of this study was to measure ash removal and maintenance workers' exposure to metals, and assess the suitability of different methods to evaluate lead exposure during the above-mentioned work tasks.
Materials and methods
The Client Services of the Finnish Institute of Occupational Health, T013, is an accredited test laboratory (FINAS accreditation services EN ISO/IEC 17025), which specializes in chemical exposures and aerosol specification in work environments/indoor air. The collection and analysis method of inhalable dust and metals in this study falls under the purview of accreditation. In addition, analysis of biomonitoring of metals also falls under the purview of accreditation.
Eight biomass-fired power plants (BMPP) were sampled during this survey in Finland. Plants that were willing to participate in the study were locally selected from different Provinces (Eastern Finland (two BMPPs) Western Finland (two BMPPs), Southern Finland (one BMPP), and Lapland (three BMPPs) of Finland. The effect of the power plant size on workers' exposures was tested by choosing small and large scale power plants for the study. Pellets were the main fuel in two of the plants (total thermal input 0.3-0.7 MW), wood in three (total thermal input 17-40 MW), and peat in another two (total thermal input 4.5-110 MW). Recycled fuels (recycled wood) were used only in one biomass-fired power plant (70 MW) in which peat was, nevertheless, the main fuel. We were not able to find a second (small scale) power plant, in which recycled fuels were used in this study.
We visited each biomass-fired power plant twice in the summer of 2010, and measured the total and skin exposure of 24 male workers with an average age of 37 and standard deviation of 11 years. The work tasks (varied from partial shifts, 242 minutes to full shifts, 464 minutes) performed were recorded during direct observation of the workers' activities. We first measured the total and dermal exposure to metals of ash removal workers. We then did the same for maintenance workers during their tasks inside the boilers. Air samples (concentrations of inhalable dust and metals i.e. lead) were also collected during these measurements, but more detailed data of that have been already presented in our previous article [3] . The Ethics Committee of Hospital District of Helsinki and Uusimaa, approved the study (reference number 62/13/03/00/2010). Written informed consent was obtained from all volunteer participants.
General procedures and handling of samples
Nitrile gloves were used during sample preparation. Background concentrations of metals of samplers (oil, wipes, and whole-body dermal patches) were tested. Sample containers were new and washed, and their materials (glass or plastic) were selected so that any possible metal contamination was avoided. Zero samples were used in every sample series to assess any possible metal contaminations of samples. All the worker samples were collected in "clean" industrial environments (worker restrooms) to avoid any possible metal contamination via airborne dust. The samples were stored and transported to the laboratory in sealed, metal-free (polystyrene) containers. Long-term sample storage was avoided, although the samples were stored in a clean sample freezer before analysis.
Analytical and hand washing recovery experiments of hand-washing method
Firstly, we tested the analytical recovery of metals (handwashing method) from cellulose ester towels, by adding (weighted by Mettler AT261 DeltaRange, Mettler-Toledo) 0.0 mg (n=3, zero samples), 20.0 mg (n=3), 40.0 mg (n=3), and 80.0 mg (n=3) of ash and 3 ml of sunflower oil (Keiju, Burge Finland Oy) to cellulose ester towels (Serla, Metsä Tissue, Mänttä, Finland). The metal concentrations of the known ash was collected in a new washed airtight glass container from a wood-fired power plant during bulk ash sample taking, and the amount of ash was analysed before analytical recovery tests. This known ash was selected for these tests because it was assessed (based on the calculations of metals) to contain the best amounts of metals to achieve a wide analytical range of measured metal. The towels and known ash used in these tests were analysed using the ICP-OES and ICP-MS methods [17] , and the levels of metals (Al, As, Ba, Be, Cd, Co, Cu, Cr, Fe, Mn, Mo, Ni, Pb, Sb, Se, Th, U, and Zn) were measured. These metals were selected based on their harmfulness to workers.
Secondly, the hand-washing recovery of the handwashing method was tested by adding a known amount (0.8 g) of ash with sunflower oil to the participants' (n=9) hands. Zero samples (n=3) were also made, and treated like other samples, without adding known ash to them. The metal concentrations of known ash were analysed beforehand. The participants washed their hands according to the standard hand-washing procedure, and the levels of metal (Al, As, Ba, Be, Cd, Co, Cu, Cr, Fe, Mn, Mo, Ni, Pb, Sb, Se, Th, U, and Zn) in the cellulose ester towels were measured using the ICP-OES and ICP-MS methods [17] .
The analytical and hand-washing recoveries were combined and the total recovery of the metals was estimated. A total recovery of the metals from 65% to 120% was classified as quantitatively sufficient. The background metal content of cellulose ester towels and sunflower oil was taken into account in the calculation of total recovery.
Workers' hand-washing in power plants
Hand-washing samples (sample area 820 cm -2 , n=19) were collected to identify metal contaminants on workers' hands, and to assess workers' actual exposure to metals in power plants. The workers washed their hands with sunflower oil according to the standard hand-washing procedure before lunch and immediately after the working day. Correct hand washing was demonstrated to workers before their hand washing. After that, the oil was first poured with a pipette onto the workers' cupped hands. After that, the workers rubbed oil palm to palm (step 1), then right palm over dorsum and left palm over right dorsum (step 2), palm to palm with fingers interlaced (step 3), backs of fingers to opposing palms with fingers interlocked (step 4), rotational rubbing of right thumb clasped in left palm and vice versa (step 5), and rotational rubbing, backwards and forwards with clasped fingers of right hand in left palm and vice versa (step 6). After that, the oil was wiped with two cellulose ester towels. The total time of washing was limited to 60 seconds [18] . Metals were extracted from the wipes using microwave assisted acid (HNO 3 ) digestion [19] , and analysed using the ICP-OES and ICP-MS methods [17] , and the levels of the metals (Al, As, Ba, Be, Cd, Co, Cu, Cr, Fe, Mn, Mo, Ni, Pb, Sb, Se, Th, U, and Zn) were measured.
Analytical recovery experiments of whole-body dermal method
The analytical recovery of metals (whole-body dermal method) from the dermal exposure samples was tested (zero samples, n=2) by adding 2.0 mg (n=3), 20.0 mg (n=3), and 50.0 mg (n=3) of ash to nine dermal samples. The metal concentrations of the ash were analysed beforehand. The metal concentrations from the dermal exposure samples were measured using the ICP-OES and ICP-MS methods [17] , and the levels of metals (Al, As, Ba, Be, Cd, Co, Cu, Cr, Fe, Mn, Mo, Ni, Pb, Sb, Se, Th, U, and Zn) were recorded. Whole-body dermal recovery tests were not performed because we were not able to simulate similar circumstances in the laboratory as experienced inside the biomass-fired boilers. An analytical recovery from 65% to 120% was classified as quantitatively sufficient.
Workers' whole-body dermal sample taking in power plants
Dermal exposure samples (n=15) were collected from the workers' chests from under the protective clothing in order to identify metal contaminants on the skin of the workers' bodies in power plants. Dermal exposure samples (sampling area 18.1 cm 2 ) were placed onto the right side of the chest below the clavicle to ensure the same sampling place for all the workers. The sampling time was one whole work shift. The levels of Al, As, Ba, Be, Cd, Co, Cu, Cr, Fe, Mn, Mo, Ni, Pb, Sb, Se, Th, U, and Zn were analysed from the dermal exposure samples using the ICP-OES and ICP-MS methods [17] .
The whole body dermal exposure method gives us an indication of how used coveralls protect workers; this method also allowed us to compare the risk of the wholebody dermal exposure in different power plants and in different work tasks.
Workers' urine biomonitoring
Workers' total metal exposure was assessed by biomonitoring of urine. Lead was chosen for urine because urine collection is non-invasive and because urinary lead reflects better than lead in total blood in short-term high exposures [20] . Contamination of urine samples was avoided by giving accurate instructions regular participation in external quality assessment schemes [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Pictorial overview on above mentioned sampling techniques and protocol of sampling used in this article is presented in figure 1 . The urinary results of Al, Pb, Mn, As, and Se were referred to reference values (U-Al= < 0.6 µmol/l; U-Pb = < 1.7 µg/l; U-Mn = < 10 nmol/l; U-As = < 30 µmol/l; and U-Se = < 0.07 mg/g creatinine) of these which are based on statistical (95th percentile) examination of a reference population (Finns who are not exposed to the chemical at work) [37] .
Statistical analysis of data
The average concentration and standard deviations of urine lead, lead in the air, lead on hands, and lead in whole body samples were calculated from the results of work tasks in the pellet (n=2), peat (n=7), wood (n=7), and recycled fuel-fired (n=3) power plant. After that, linear trend lines were fitted into the concentration data sheets between the average data points of urine lead (n=4) and lead in air (n=4); between the average data points of urine lead and lead on hands (n=4); and between the average data points of urine lead and lead in the whole body (n=4). Squares of Pearson's correlations coefficient between urine lead, air lead, lead on hands, and whole-bodies were measured and the Pearson's correlations coefficient was calculated.
The effect of protection from gloves was calculated in glove groups of long leather gloves, short leather gloves, and other gloves. First, the average concentrations (%) of to workers regarding how they should wash themselves before urine sampling. In addition, sampling devices were given to workers after their washing procedure because of the aforementioned reasons.
The urine samples were collected in acid washed plastic sample containers before the working week started, after two days without working (Al); immediately after workdays (Pb, Mn, As, Se, Cd, Be, Th); and the following morning before workdays (Hg). These metals were chosen for the biomonitoring of workers based on their carcinogenic and neurological effects.
ICP-MS (Thermo X Series) was used the urine Pb (n = 23), Mn (n = 24), Cd (n = 23), Hg (n = 14), Be (n = 14), Th (n = 21), and Se (n = 21) analysis. AAS Varian SpectrAA 800, graphite furnace were used in urine aluminium (n = 21) analysis, and liquid chromatography (Agilent 1200), atomic fluorescence detector (Excabur), and columns (Supelguard Disvovery C18, 2 cm x 4.9 mm, 5um, and Disvovery C18, 15cm x 4.6 mm, 5 um, Supelco) in the urine arsenic (As 3+ and As
5+
) analysis (n = 21). The urinary results of Pb, Mn, Cd, Hg, Be, Th, and As were corrected with the specific gravity of each urine sample measured by refractometer (Atago USR 20) to reduce the variability of the urinary metal results. For the results of Se, a similar correction was done by the creatinine concentration of each urine sample analysed by the picric acid method. Urine samples were stored in the freezer before metal analysis. Calibration was done using aqueous solutions and standard addition. The quality procedures included the daily use of commercial reference materials and 
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Work tasks, in which workers are exposed to components of ash Figure 1 . Pictorial overview on sampling techniques and protocol of sampling.
hand washing metals (As, Cd, Cu, Ni, Pb, and Zn) were calculated. Then, standard deviations and standard error of means of each glove group were calculated. After that, the best detected protection level of gloves was set to the value 100%. The results of the other average concentration of gloves were proportioned to this value. The effect of protection of coveralls and hoods, coveralls without a hood and open coveralls during the work task inside power plant boilers were calculated similar to the results of gloves. Whole body sample metal (As, Cd, Cu, Ni, and Pb) average concentrations (%) were used in these calculations. The results of these calculations were used for recommendations for gloves and coveralls.
Average concentrations (±SD) urinary excretions of Al, Cd, Pb, Mn, As, and Se were calculated in worker groups who were using respirators (TM = Turbo Mask and FF = disposable filtering half mask) with filters TM3-A2B2E2K2-P; TM3-P and FF-P3; TM2-P and FF-P2; or did not use any respirators, and based on these result recommendations for respirators were given.
Results
Eight biomass-fired power plants were sampled during this survey in Finland, and a total of 24 male workers' total and skin exposure to metals were measured or biomonitored.
Hand washing sample results
The quantified analytical ranges of metals varied between 0.01-27000 ng/cm 2 , and total recoveries ranged between 73-113% in hand-washing method ( (Figure 2 ). The concentrations of Al, Mn, Cu, S, and Zn on workers' hands were under the limit of detection (Table 2 ).
In peat-fired power plants, the median concentrations of Pb, As, Cd, and Ni on workers' hands were 33.2 ng/cm 2 , 4.8 ng/cm 2 , 0.7 ng/cm 2 , and 20.7 ng/cm 2 , respectively ( Figure 2) . Cu, S, and Zn were found on workers' hands, and their median concentrations were 78.6 ng/cm 2 , 3700 ng/cm 2 , and 342 ng/cm 2 , respectively. The concentrations of Al and Mn on workers' hands were under the limit of detection ( Table 2 ).
The median concentrations of Pb, As, Cd, and Ni on workers' hands were 31.8 ngcm -2 , 5.3 ngcm -2 , 2.8 ng/ cm 2 , and 18.3 ng/cm 2 , respectively in wood-fired power plants (Figure 2) . Cu, S, and Zn were also found on workers' hands, and their median concentrations were 83.0 ng/cm 2 , 2780 ng/cm 2 , and 611 ng/cm 2 , respectively. Manganese was also detected on workers' hands and its maximum concentration was 1800 ng/cm 2 . Aluminium concentrations were under the limit of detection (Table 2 ).
In recycled fuel-fired power plant, median concentrations of Pb, As, and Cd on workers' hands were over 130 ng/cm 2 , 19.4 ng/cm 2 , and 2.5 ng/cm 2 , respectively ( Figure 2 ). S and Zn were found on workers' hands, and their median concentrations were 4400 ng/cm 2 and 692 ng/cm 2 . Ni, Cu, and Al were also found on workers' hands and their maximum concentrations were 120 ng/ cm 2 , 653 ng/cm 2 , and 13000 ng/cm 2 , respectively. Mn concentrations were under the limit of detection ( Figure  2 and Table 2 ).
Whole-body sample results
The qualified analytical ranges of metals varied between 4.9-67000 ng/cm 2 , and analytical recoveries between 68-95% in whole-body method ( Table 1 ). The median (Figure 3) .
The highest aluminium concentrations were measured in peat-and wood-fired power plants with concentrations of 3570 and 5300 ng/cm², respectively. Mn and Ni were found in workers' whole-body samples only in wood-fired power plants, and As, Cu, and Zn only in peat-fired power plants. The maximum concentrations of these were 30.2 ng/cm 2 , 410 ng/cm 2 , 1200 ng/cm 2 , respectively (Table 3 ).
Biomonitoring results
Workers' urine excretion of metals in biomonitoring samples were measured during work tasks in boiler rooms, and inside boilers and superheaters. Urinary median excretions of Al, Pb, Mn, As, Se, Cd, Hg, Be, and Th were 0.2 µmol/l, 0.4 µg/l, 7 nmol/l, 30 nmol/l, 0.02 mg/g creatinine, 2 nmol/l, 5 nmol/l, 3 nmol/l, and 0.0001 nmol/l, respectively in pellet-fired power plants (Table  4) . Urinary excretions of Pb, Mn, and As exceeded the reference values (U-Pb = < 1.7 µg/l; U-Mn = < 10 nmol/l; and U-As = < 30 µmol/l) of the non-exposed population in 17%, 33%, and 50% of samples, respectively (Figure 4) . In peat-fired power plants, workers' urinary median excretions of Al, Pb, Mn, As, Se, Cd, Hg, Be, and Th were 0.4 µmol/l, 0.6 µg/l, 6 nmol/l, 14 nmol/l, 0.04 mg/g creatinine, 2 nmol/l, 5 nmol/l, 3 nmol/l, and 0.0001 nmol/l, respectively (Table 4 ). Urinary excretions of Al exceeded the reference value (U-Al= < 0.6 µmol/l) of the non-exposed population in 17% of samples (Figure 4) .
Urinary median excretions of Al, Pb, Mn, As, Se, Cd, Hg, Be, and Th were 0.6 µmol/l, 0.8 µg/l, 7 nmol/l, 15 nmol/l, 0.05 mg/g creatinine, 2 nmol/l, 8 nmol/l, 3 nmol/l, and 0.0001 nmol/l, respectively in wood-fired power () = Results are semi quantitative. n=9 in analytical recovery samples, n=2, n=5, n=6, and n=2 in pellet-, peat-, wood, and recycled fuel-fired power plant worker exposure samples, respectively.
plants (Table 4 ). Urinary excretions of Al, Pb, Mn, and Se exceeded the reference values (U-Al= < 0.6 µmol/l; U-Pb = < 1.7 µg/l; U-Mn = < 10 nmol/l; and U-Se = < 0.07 mg/g creatinine) of the non-exposed population in 50%, 44%, 20%, and 11% of samples, respectively ( Figure 4) . In recycled fuel-fired power plant, workers' urinary median excretions of Al, Pb, Mn, As, Se, Cd, Hg, Be, and Th were 0.5 µmol/l, 2.7 µg/l, 8 nmol/l, 19 nmol/l, 0.03 mg/g creatinine, 4 nmol/l, 5 nmol/l, 4 nmol/l, and 0.0001 nmol/l, respectively (Table 4) . Urinary excretion of Al, Pb, and Mn exceeded the reference values (U-Al= < 0.6 µmol/l; U-Pb = < 1.7 µg/l, and U-Mn = < 10 nmol/l) of the non-exposed working population in 33%, 100%, and 50% of samples, respectively. The reference value of thorium for the non-exposed population has not been established (Figure 4 ).
Monitoring of lead with different methods
Workers' exposure to lead was monitored simultaneously by using four different methods for the same work task ( Figure 5 ): workers' urinary samples, air samples from their breathing zone or stationary air samples near their working area, and samples from their hands and chests. Not all workers were willing to give all these samples. Some working conditions were so difficult that it was not possible to obtain all these four samples from the same workers at the same time. The average urinary concentrations of lead were 0.4 µg/l, 0.6 µg/l, 1.7 µg/l, and 2.7 µmol/l in pellet-, peat-, wood-and recycled fuel-fired The best correlation (Pearson's) between the different methods using the average results measured from power plants using different fuels were between urinary lead and the amount of lead in whole-body samples (r=0.88). The second best correlation was detected between urinary lead and the concentrations of lead on hands (r=0.78), and the third between urinary lead and the concentration of lead in the air (r=0.77).
Effect of PPEs in workers' metal exposures
The effects of PPEs in worker metal exposures was assessed, because we wanted to give recommendations to workers on what kinds of PPEs they should use to minimise hand, body, and total exposures of metals. The average concentration (%) of metals (As, Cd, Cu, Ni, Pb, and Zn) in workers' hands, when workers were using long leather gloves, short leather gloves or other gloves during a work task inside power plant boilers are presented in Figure 6 . Long leather gloves that 
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Concentration range Median concentration Mean± stdev. , U-Pb (µg/l), U-Mn (nmol/l), U-As (nmol/l), U-Se (mg/g kreat.), U-Cd (nmol/l), U-Hg (nmol/l), U-Be (nmol/l), and U-Th (nmol/l), n=4-6, n=6, n=1-10, and n=2-3 in pellet-, peat-, wood, and recycled fuel-fired power plant worker exposure samples, respectively. workers were using during the work task protected workers' hands 2.1 and 2.2 times better than short leather gloves and other gloves, respectively.
Pellet
Workers were using coveralls and hoods, coveralls without a hood or open coveralls during the work task inside power plant boilers. The average concentration (%) of metals (As, Cd, Cu, Ni, and Pb) in workers' bodies when workers were using these coveralls are presented in Figure  7 . Coveralls and hoods were 7.7 and 11 times better as a way to protect workers' bodies against these metals compared to open coveralls and coveralls without a hood, respectively.
Finally, the effects on workers using respirators with filters (filter classes: TM3-A2B2E2K2-P; TM3-P and FF-P3; TM2-P and FF-P2) and the effects if workers did not use any respirators, were assessed in workers' urine samples for metals (Al, Cd, Pb, Mn, As, and Se), and the average urine excretions of these are presented in Figure 8 . Average urine excretions of Al, Cd, Pb, and Se were smallest, 0.3 µmol/l 1 , 1 nmol/l, 0.6 µg/l, and 0.03 mg/g kreat., respectively, when workers were using respirators with TM3-A2B2E2K2-P class filters. Urinary excretion of Al was 0.5 µmol/l 1 when workers were using respirators with TM2-P and FF-P2; and TM3-P and FF-P3 class filters, and was three times higher (1.5 µmol/ l 1 ) when respirators were not used. Average urine excretions of Cd were 2-3 nmol/l when workers were using TM2-P and FF-P2; and TM3-P and FF-P3 filter class respirators and when respirators was not used. Average urine excretions of Pb were 0.8-1.5 µg/l when workers were using TM2-P and FF-P2; and TM3-P and FF-P3 filter class respirators, and increased clearly (3.5 µg/l) when respirators were not used. Average urine excretions of Mn were 5-8 nmol/l when respirators were used or not. As excretions of workers were almost at the same level (14.2-15.7 nmol/l) when workers were using TM2-P and FF-P2; TM3-P and FF-P3; and TM3-A2B2E2K2-P class respirators, and slightly higher (17.0 nmol/l) when respirators were not used. The highest Se excretions of urine were measured from urine samples of workers who did not use respirators. 
Conclusions

Hand washing
Hand washing method with sun flower oil have been earlier used in several studies in worker hand exposure assessment to polycyclic aromatic hydrocarbons (PAHs) [31] [32] [33] , and this was our idea at the beginning in this study. However, there were very low concentrations of PAHs in workers' hand washing samples, and during the study we found that workers' hands may be more exposed to metals than PAHs. Because of these reasons, the hand washing method was validated for metal sampling instead of PAHs.
Total recoveries of metals varied from 73% to 113% in the hand-washing method. In addition, the metals' qualified analytical range and their detection limits varied greatly. Cd, As, Pb, and Ni had the lowest detection limits, from 0.01 ng/cm 2 to 0.9 ng/cm 2 . The analytical ranges of these metals were wide enough to quantitatively assess workers' hand exposure to these metals in most biomass-fired power plants. However, in recycled fuel-fired power plants, every lead concentration exceeded the method range. The detection limit of aluminium and manganese in turn was too high. Due to this, the measured levels of aluminium exceeded the detection limit only in recycled fuel-fired power plant, as did the levels of manganese only in woodfired power plants. Occupational exposure limit values are not available for the measured hand-washing results, but this method provides important data on how properly used gloves protect workers. The measured levels also allow us to compare the results of the power plants and different working tasks, and provide information on the levels of metals on workers' hands. As a secondary indicator, the measured level of metal on contaminated hands can reflect the risk of transferring metal contamination to cigarettes or food, which might also cause a risk of exposure through the gastrointestinal tract. For metals such as lead and arsenic, ingestion can be a significant route of exposure, and may lead to the absorption of toxicologically significant quantities of these metals.
The highest Al, Pb, Cd, Cu, S, and Zn concentrations on workers' hands were measured in recycled fuel-fired power plant. These plants had the highest concentrations of lead. Wood-fired power plants had the highest levels of Ni and Mn on workers' hands, and peat-fired power plants the highest levels of As. The lowest concentrations were measured in pellet-fired power-plants. The results clearly show that power plant ash can contaminate workers' hands and that metal contaminations can increase the risk of exposure through the gastrointestinal route. The hand-to-mouth route has been assessed as the next exposure route after the inhalation of As and Pb, and may increase the exposure-associated risks of workers to harmful neurological and skin effects [17] .
A few similar studies on workers' hand exposure have been carried out in coal-fired power plants, and the results of hand wipe samples have revealed that workers may be exposed to low levels of As, Be, Cd, Pb, Ni, and other metals through ingestion, because normal washing of the hands have not removed them properly [17] .
Whole-body samples
Analytical recoveries of metals varied from 68% to 96% in the whole-body samples. The best detection limit, 4.9 ng/cm 2 , was measured for lead. The analytical range of lead was wide enough to assess the workers' whole-body exposure in all biomass-fired power plants. The detection limit of cadmium was also low at 5.4 ng/cm 2 , although all measured results were below this. The detection limits of aluminium and manganese were almost 10 times lower in this method than in the hand-washing method.
The highest concentration of lead on the workers' whole body was measured in recycled fuel-fired power plants. Concentrations of Al, Mn, and Ni on workers' whole-body samples were the highest in wood-fired power plants. These results supported the corresponding findings of the hand-washing study. The measured levels of As, Cu, and Zn were the highest in peat-fired power plants. The lowest concentrations of Pb in workers' wholebody samples were measured in pellet-fired power-plants.
Levels of lead were lower in workers' whole-body samples than in the hand-washing samples. This seems to indicate that actual hand exposure per square centimetre is higher than actual whole-body exposure. This is plausible. There was one exception in peat-fired power plant where the levels of Cu and Zn were higher in wholebody samples than in the hand-washing samples. The different collection techniques of the hand-washing and whole-body methods may cause doubt regarding these interpretations, although the analytical method is the same and the analytical recoveries of both methods are validated. We can ascertain that workers' coveralls do not totally protect workers' whole bodies against ash.
Biomonitoring
Urine can be used as an alternative biomonitoring tool to replace blood for the assessment of the occupational exposure to lead [34] . Exposure data to lead indicate that the best biomarker in some circumstances may be blood, but bone or teeth are useful for past exposures, and feces for current gastrointestinal exposure, or urine for organic Pb, are sometimes more useful. Urine possibly deserves new attention in looking for a non-invasive method for the biomonitoring of lead in occupational exposure cases [35] . Like saliva [36] urine better reflects short-term high exposure to lead [20] .
In recycled fuel-fired power plant, part of workers' urinary excretions of Pb, Mn, and Al exceeded the occupational non-exposed population reference values. Part of the excretions of Al, Pb, Mn, and Se exceeded the reference values in wood-fired power plants. In pelletfired power plants, part of workers' urinary excretions of As, Mn, and Pb and in peat-fired power plants the excretion of Al exceeded the reference values for the non-exposed population. These results indicate that biomass-fired power plant workers are exposed to these metals to a greater extent than the non-exposed working population. These above mentioned metals are the most recommendable biomonitoring indicators of metal exposure in measured biomass-fired power plants. These results also show that workers in biomass-fired -power plants are at a higher exposure-associated risk of neurological effects than the non-exposed population. The magnitude of the risk is small if workers rarely perform ash removal and maintenance tasks, and use proper respirators and protective gloves and clothes. If workers perform only ash removal and maintenance tasks, the exposure-associated risk of neurological effects is higher.
Multiple lead monitoring
The best correlation detected was between the average results of urinary lead and the average results of wholebody samples from different biomass-fired power plants. The correlations between urinary lead and lead on the hands or in the air were also quite satisfactory. It was thus possible to determine workers' exposure to lead concentrations in recycled fuel-fired power plants by using any of the three methods used.
Protection efficiency of PPEs
Long leather gloves were the best form of protection for workers' hands against metals (As, Cd, Cu, Ni, Pb, and Zn) during work tasks in power plants, and the average results for these metals were approximately half of that when workers used short leather gloves or other gloves. Shorter leather gloves were too short to protect workers' hands and left the hand skin without any protection, leading to contamination of the hands by ash. The problem in the use of other gloves, especially those which have stretching fabric on the dorsal side of the hand, were easy ash penetration through the gloves, compared to leather gloves, which exposed workers' hands to ash.
Average concentrations of whole body samples clearly indicated that coveralls and hoods were the best way to protect workers' bodies against As, Cd, Cu, Ni, and Pb. Average results for these metals in worker bodies were 7-11 times smaller when comparing these results to results when workers were using open coveralls or coveralls without a hood.
Average urine excretions of Al, Cd, Pb, and Se were smallest when workers were using respirators with TM3-A2B2E2K2-P class filters, compared to usage or no usage of other respirators. Average urine excretions of Pb were highest (3.5 µg/l) when respirators were not used, and its concentration exceeded clearly its reference value (U-Pb = < 1.7 µg/l).
Recommendations
Biomonitoring methods take into account exposures from different sources and, due to that, they are the most recommended approach for estimating the workers' total exposure. Whole-body lead-, lead on hands-, and lead in the air displayed trends similar to that measured in urine (Figure 2 ).
For dermal exposure assessments, hand-washing was the most recommendable method for assessing the protection efficiency of gloves; especially for Cd, As, Pb and Ni. A whole body sample was the best method for assessing the protection efficiency of coveralls, especially as regards lead.
For total exposure assessments, in pellet-fired power plants, biomonitoring of Mn, Pb and As were the most recommended indicators of metal exposure. On the other hand, in peat-fired power plants, the most favourable indicator was biomonitoring of aluminium. In wood-fired power plants, the most recommendable indicators were Al, Pb, Mn and Se, and for recycled fuel-fired power plants Al, Pb and Mn. These metals were selected as indicators because their urinary concentrations exceeded the reference values of the non-exposed population. However, Pb in blood would be the most recommendable way to assess workers' total Pb exposure because it has a lower contamination risk and lower background variations than Pb in urine.
The authors' recommendations to biomass-fired power plant workers, especially those who work inside the power plant boilers or superheaters, are that they should routinely use powered air respirators with TM3-A2B2E2K2-P cartridges, and hooded one-piece coveralls and over-wrist long leather protective gloves.
To avoid contamination of food, drinks and cigarettes, workers must wash their hands and faces before eating, smoking or other activities that involve hand-to-mouth contact especially regarding lead. Washing the hands with sunflower oil seemed to clean workers' hands effectively. It is also recommended that workers change clothes before lunch or leaving for home, so that they do not contaminate their environment or car with heavy metals.
